Salinity distributions, dye release studies, and parameter estimation techniques are used to determine the longitudinal (or tidal) dispersion coefficient in the Plum Island Sound estuary in north-eastern Massachusetts, U.S.A. A one-dimensional, intertidal, advection-dispersion model is used to test the validity of the steady-state assumption employed to estimate tidal dispersion from salinity. It is found that salinity distributions in the upper Parker River can take months to relax to steady state under low freshwater discharge conditions, so that dispersion cannot be reliably estimated using the steady-state assumption. To overcome this problem, dye release studies and parameter estimation techniques are used to determine the functionality of the dispersion coefficient that produces the best fit between the observed salinity profiles, dye plumes and model output under transient conditions for the period between 28 April 1992 and 12 April 1995. The estimated dispersion coefficient is found to be a hyperbolic function of distance from the head of the estuary and varies from an average of 3·6 m 2 s 1 in the upper Parker River (0-5·2 km) to an average of 670 m 2 s 1 in Plum Island Sound (14·3-24 km). The advection-dispersion model is also used to investigate three characteristic mixing-time scales involving average age, average residence time and average transit time (also called turnover or flushing time) for freshwater and saltwater sources in defined subsections of the estuary. It is found that these time scales can vary from a few hours to 3 months depending on location and freshwater discharge. Transport in the upper Parker River can be either advection or dispersion dominated depending on discharge, while Plum Island Sound is always dominated by dispersive terms. Tidal channel morphometry leads to a very dynamic system in the upper Parker River that significantly impacts ecological processes in the region. We discuss the relevance and appropriate application of the three characteristic mixing-time scales to ecological processes.
Introduction
Mixing processes have a major impact on the biology, chemistry, ecology and water quality of estuarine environments. While much observational and theoretical research has focused on identification and quantification of the physical mechanisms driving mixing and dispersion (Ketchum, 1951; Fischer, 1976; Zimmerman, 1976; Chatwin & Allen, 1985) , little progress has been made on predicting dispersion from first principles (but see Smith, 1977) . This is largely due to the extreme complexity of estuarine systems including great variation in geometry and bathymetry, density structure, wind stress, freshwater input and tidal forcing. Variation occurs not only between estuaries but also within estuaries, both with respect to space and time.
High-resolution two-and three-dimensional primitive equation models are capable of resolving many of the mixing processes (Blumberg & Kantha, 1985; Dortch et al., 1992; Blumberg et al., 1993) . However, such models are computationally intensive and require a significant investment of resources to implement for a particular estuary, especially if coupled with complex biogeochemical and foodweb models. Consequently, mixing phenomena in estuaries that have not been extensively studied are often approximated by a single longitudinal dispersion coefficient (also called tidal dispersion), which is analogous to Fickian diffusion in that transport is assumed to be proportional to a concentration gradient (Dronkers, 1982; Guymer & West, 1992) . The tidal dispersion coefficient (which we will refer to as dispersion henceforth) includes mixing not only due to diffusive transport, but advective transport as well, such as vertical and lateral shear dispersion, and tidal trapping and pumping (Dortch et al., 1992; Geyer & Signell, 1992; Guymer & West, 1992) . The use of a dispersion coefficient greatly simplifies the modeling effort that is required to capture the general transport of nutrients and plankton, and the residence time of pollutants in an estuary. Since the dispersion coefficient, D (x,t) , is used as a macroscopic quantity to capture large-scale mixing processes that occur over broad spatial scales, its accurate estimation is critical to capturing transport phenomena in an estuary.
The dispersion coefficient is highly dependent on many factors that are unique to individual estuaries. It varies over space and time in response to changes in channel morphometry, freshwater discharge, tidal currents and wind stress (Fischer et al., 1979) . To estimate the dispersion coefficient in a particular estuary, one of three possible approaches is employed typically. Most commonly, the dispersion required to maintain an observed conservative tracer (e.g. salt) distribution along the length of an estuary is calculated, assuming the distribution is at steady state (Officer, 1978) . Dye studies where the release and subsequent dispersion of the dye are monitored over several tidal cycles is another approach (Hetling & O'Connell, 1966; Gunn & Yenigun, 1985) . The third approach, not used in this study, is to measure deviations in velocity and salinity from their spatial means (Dyer, 1974; Park & James, 1989; Guymer & West, 1992) . Dye studies have the advantage of not being dependent on the steady-state assumption and of providing high-resolution estimates of dispersion in regions of minimal horizontal salt gradients (i.e. where application of the first approach is difficult). However, they do not generally provide a synoptic view of dispersion over the entire length of the estuary due to constraints on the amount of dye that can be released.
In this paper, both dye and salt distribution techniques were utilized to examine the dispersion coefficient in the Plum Island Sound estuary in Massachusetts. In this shallow, macrotidal estuary, longitudinal dispersion is the focus of attention. The analysis is coupled to a one-dimensional, intertidal, advection-dispersion model to investigate the validity of the steady-state assumption in this estuary. Three different characteristic mixing-time scales in various reaches of the estuary were examined, and the relevance of these time scales to the ecology and water quality of the system is discussed.
Site description
The study was conducted in the Plum Island Sound estuary in north-eastern Massachusetts, U.S.A. (Figure 1 ). The estuary and its watersheds lie within the Seaboard Lowland section of the New England physiographic province (Fenneman, 1938) . The rivers and estuary discharge into the Gulf of Maine, a semi-enclosed sea off the Atlantic Ocean. The Gulf of Maine coastal-current flows to the south along the coast. Coastal salinity varies seasonally in relation to land runoff and has a major influence on Plum Island Sound salinity (Blumberg et al., 1993) .
The Plum Island Sound estuary is a coastal-plain estuary with extensive areas of productive, tidal marshes. The 24 km long bar-built estuary is well mixed with a type 1A circulation regime (Hansen & Rattray, 1966) . Tides are semi-diurnal with an average tidal range of 2·9 m and a spring-neap range of 2·6-3·6 m. Marshes flood only during spring tides. Estimated tidal prism is about 32 Mm 3 . Mean depth increases along the length of the estuary from about 1·4 m at the head of the estuary to about 5·7 m 11 km downstream at the head of the sound. Depths then increase through the broad shallow sound to about 1·8 m prior to increasing to about 4·7 m at the mouth of the estuary. Water-body area ranges from 7·2 to 14·9 km 2 from low to high tide. There are extensive areas of non-vegetated, intertidal flats at low tide. In this estuary where the typical spacing of topographic features is considerably less than the tidal excursion and tidal amplitude is of the same order as average depth, tidal shear dispersion is probably the primary mechanism contributing to mixing (Smith, 1977; Geyer & Signell, 1992) . Annual water temperature range is from 1·0 to 28 C and salinity range is from 0 to 32. Vegetation is typical of New England marshes, the major wetland species being Spartina alterniflora and S. patens in brackish and saline regions, and Typha, Scirpus and Carex in freshwater regions.
The 608·9 km 2 watershed draining into the estuary has two major rivers, the Parker and Ipswich Rivers, and eight secondary creeks. Locations of runoff inputs are identified in Figure 1 . Discharge is thus about 67 times lower in volume than a single tidal prism. Precipitation is evenly distributed throughout the year and averages 112 cm year 1 , 44% of which is returned to the atmosphere via evapotranspiration (Sammel, 1967) . Air temperature fluctuates annually between an average winter minimum of 7 C and an average summer maximum of about 28 C (Sammel, 1967) .
Based largely on estuarine metabolic patterns and tidal excursion lengths, we have identified four regions of interest in the estuary: upper (0-5·2 km, high tide volume 0·58 Mm 3 ), mid (5·2-9·3 km, 1·5 Mm 3 ), and lower (9·3-14·3 km, 4·8 Mm 3 ) portions of the Parker River and the sound (14·3-24 km, 33 Mm 3 , Figure 1 ). Average tidal excursion at the mid-point of these regions is approximately 4, 6, 14 and greater than 14 km, respectively.
Field observations
Salinity at selected locations along the Parker River and Plum Island Sound (Figure 1 ) was calculated (Miller et al., 1988) from conductivity measurements taken with a Hydrolab H20 probe (Hydrolab Corp.), except for data reported on 28 April 1992 , 26 August 1992 , 25 September 1992 , 16 December 1992 , 3 June 1993 , 7 July 1993 , and 2 December 1993, which were obtained from Rines et al. (1994) . Since depth and lateral profiles of salinity exhibited little deviations, all salinity measurements were taken at one point from the surface at high tide and assumed to be indicative of cross-sectional averages. equipped with a Rodamine dye filter set, a 25 mm flow-through optical cell, and a temperature compensation probe. Initial vertical and lateral profiles of the dye showed complete mixing over the river's crosssection after less than one tidal cycle. Surface-water samples were collected under way by employing a ram tube which forced surface water through the fluorometer flow cell as well as a flow cell attached to the Hydrolab probe. We measured dye fluorescence, conductivity, temperature and dissolved oxygen. This sampling technique provided nearly synoptic high tide measurements of the dye plume and water properties since it allowed travel at the speed of the tidal wave. Upper and mid Parker River (0-12 km) crosssectional areas were determined from high-tide depth profiles taken at four equally spaced points across the river with a depth finder (Hummingbird). Crosssectional areas for the lower Parker River and sound (12-24 km) were determined from NOAA map 13282 (Newburyport Harbor and Plum Island Sound, 9th ed., 23 March 1991).
Modeling
In order to synthesize field observations and calculate characteristic mixing-time scales, a one-dimensional, intertidal, advection-dispersion transport model was used to simulate the distribution of salt and tracers averaged over a cross-section at high tide, c(x,t), as a function of longitudinal distance, x, and time, t, in the estuary (Fischer, 1976; Vörö smarty & Loder, 1994; Hopkinson, Jr. & Vallino, 1995 (Rines et al., 1994) of lateral input i ( Figure 1 , Table 1 ), x i is the location of lateral input i, and governs the distance over which a lateral input is spread longitudinally. The total discharge associated with lateral input i is given by:
and the total material transported to the estuary by lateral input i is given by c li (t)q i (t). The production term, r(x,t), for salt is r s (x,t)=0, which is conserved, while Rodamine dye is assumed to be lost by firstorder decay as given by,
, where k d is the decay constant (Hetling & O'Connell, 1966) . We note that Equation 1, and supporting equations, should be regarded as ' model ' subject to verification in the estuary of interest (Fischer et al., 1979; Chatwin & Allen, 1985) . Many assumptions are embodied in Equation 1, most notably that mixing caused by Stokes' drift and the resulting compensation flow can be represented as a one-dimensional diffusive process (Dyer, 1974; Fischer et al., 1979; Dortch et al., 1992) . In estuaries where the tidal amplitude is of the same order as average depth (such as in Plum Island Sound estuary), non-linearities between tidal wave height and tidal currents can induce a substantial landward residual current (Stokes' drift) and a seaward mass-compensating residual current that are both typically much larger than the mean residual current [i.e. q(x,t) -Higgins, 1969; Dyer, 1974; Feng et al., 1986a; Dortch et al., 1992) . In macrotidal systems, these tidally induced shear flows combined with vertical or horizontal eddy diffusivity are the dominant mixing processes in the estuary (Smith, 1977; Geyer & Signell, 1992) . Since such twoor three-dimensional mixing processes cannot be explicitly represented in a one-dimensional model (Chatwin & Allen, 1985; Feng et al., 1986b) , it is common practice to approximate advective transport resulting from tidal forcing by a Fickian-type diffusion, D(x,t))c(x,t)/)t, where D(x,t) is known as the longitudinal (or tidal) dispersion coefficient (Dortch et al., 1992; Guymer & West, 1992) . Indeed, longitudinal dispersion is the result of the spatial averaging required to derive the one-dimensional model (Guymer & West, 1992) . The validity of the approximation cannot be easily determined a priori and is best verified by comparing model predictions to observations of salinity distributions and tracer transport. However, the approximation seems well justified for the Plum Island Sound estuary, especially for the Parker River due to its narrow dimensions (Smith, 1977; Dronkers, 1982) which results in rapid lateral mixing.
Due to the approximations invoked to derive Equation 1, the functionality and magnitude of the tidal dispersion coefficient (D(x,t), m 2 day 1 ) is not well known and must be determined experimentally if a realistic representation of the transport of material in the estuary is to be obtained. The following three techniques were employed to estimate D(x,t). First, D(x,t) was estimated from salinity profiles under the assumption that the system is at steady state (Dyer, 1974; Officer, 1978) , so that Equation 1 reduces to (in dimensional form):
In order to improve the estimate of the salinity gradient, dc s (x)/dx, a three parameter sigmoidal function:
was first fitted to the salinity data, and the derivative of this function at the locations where salinity was measured was calculated. This fitting procedure reduces errors introduced by the quasi-synoptic sampling technique.
Although the steady-state approximation is often used to estimate D(x,t), it can not be employed reliably in those parts of the estuary where the longitudinal salinity gradient, dc s (x)/dx, is near zero and/or when the system has not attained steady-state operation, which is often true during low freshwater discharge. Consequently, the second method used to estimate D(x,t) in the upper Parker River was obtained from dye tracer studies in which a onedimensional Gaussian function for dye concentration (ppb) (Fischer et al., 1979) , was fit to the dye plume distribution at each tidal cycle for which the dye was measured. Although this function is the solution to the dispersion equation for a dye release of volume V at location x p in a system with infinite boundaries and no advection, it was found to fit the experimental data quite well if x p was allowed to drift with the mean flow.
The third technique to improve the estimate of the dispersion coefficient was obtained by tuning parameters of a function that governs D(x,t) so as to minimize the squared error between the observed, c s (x j ,t i ), and predicted, ĉ s (x j ,t i ), salinity profiles from Equation 1 at each sample point x j and time t i , and between the predicted dispersion at the dye release site, D | (x dye ,t), and the observed dye dispersion, D dye . The conjugate gradient routine PRAXIS (Brent, 1973) (available via netlib at URL http://www. netlib.org/) was used to find the minimum of the cost function:
with respect to the parameters governing the function of D(x,t). To prevent numerical integration problems, a sin 2 transform (Box, 1966) was used to place upper and lower bounds on the searchable parameter space.
Boundary conditions and implementation
Since the freshwater input to the Parker River flows over a dam, the left boundary condition (up-estuary, x=x L ) for Equation 1 is specified as a time varying flux, given by:
where c L (t) is the concentration of the state variables in the river input at time t. The right boundary condition (down-estuary, x=x R ) specific the time varying concentration of the state variables at the mouth of the sound, and is given by:
where c R (t) is the concentration of the state variables in the mouth of the sound, or just offshore.
For the salt balance, c Ls (t) is set to zero (freshwater input), while c Rs (t) is set by salinity measured in the mouth of the sound during each transect and is interpolated between measurements (Figure 2 ). Variations in salinity at the estuarine mouth with time are probably influenced more by the Merrimac River and other large rivers in the Gulf of Maine, than by the Parker River and associated lateral inputs (Blumberg et al., 1993) . The only driver in the current model is the gauged Parker River discharge, which was obtained from the USGS gauging station at Byfield, Massachusetts, U.S.A. for the period during which salinity was measured (Figure 2 ). For the dye simulation, both c Ld (t) and c Rd (t) were set to zero and the dye plume was initialized around the release point as a Gaussian distribution such that 99·99% of the dye volume added would be located within 100 m of the release point at t 0 . Concentration of state variables in lateral inputs, c li (t), were all set to zero for both salt and dye simulations (they are included in Equation 1 for characteristic mixing-time calculations and for work currently being done on a nutrient limited food-web model).
The one-dimensional partial differential equation (Equation 1) was numerically integrated using a variable time step, moving grid routine (TOMS731) (Blom & Zegeling, 1994) obtained from netlib (URL http://www.netlib.org/). The simulation used to generate salinity distributions at each observation point was initialized on 6 April 1992 and ran until 12 April 1995 on a 30 node grid. The two dye plume simulations were run on a 100 node grid for the time period when dye measurements were taken. Parameters used in the model are given in Table 2 ).
Characteristic time scales of mixing
Characteristic time scales for mixing in an estuary are useful in determining whether or not a particular process (e.g. utilization of dissolved organic matter, toxicity effects of a pollutant, etc.) will be important within the estuary. Unfortunately, terminology pertaining to characteristic time scales of an element in a reservoir can be confusing due to different reference frames used for time, to different names that have been defined for equivalent properties, to the extent to which inputs and geographical subsections of the estuary are distinguished, and to non-rigorous or improper use of definitions in the literature. In terms of time frames, the time a particle has spent in a reservoir can either be referenced to when it entered the reservoir, its age a (Bolin & Rodhe, 1973) , or the time remaining before it exits the reservoir, its residence (or remaining) time r (Zimmerman, 1976) . Another useful time scale refers to the time that it takes for an element to traverse the estuary, which is known as its transit time, t . All three time scales can be averaged over the ensemble of particles in (or crossing the boundary of ) an estuary to provide estimates of average age, K a L, average residence time K t L, and average transit time, K t L under steady-state conditions (Bolin & Rodhe, 1973; Zimmerman, 1976) . Bolin and Rodhe's (1973) analogy with a human population is helpful in understanding the differences between these time scales: K a L is the average age of the population, while K t L is the average life expectancy of a newborn. The analogy is less applicable for K r L, which is the average remaining life time for the entire population. It can be shown (Takeoka, 1984) , that the average age equals the average residence time if sources and sinks are not distinguished, and only the whole estuary is considered (i.e. geographical subsections and point locations are not allowed). However, when these time scales are calculated for particular input sources (such as fresh water vs salt water) and/or particular locations within the estuary, equality need not exist between K a L and K r L (Zimmerman, 1976; Dronkers & Zimmerman, 1982) . Since the general theory covering residence times has been previously developed (see Zimmerman, 1988 , and references therein), we will only develop expressions for the averaged quantities for our onedimensional estuary model described by Equations 1-4, 10 and 11.
Average age. We define M( , x; x, a ) as the mass of material originating from input (i.e. a river input or seawater) that lies within a subsection of the estuary between x and x+ x and has an age less than or equal to a . If a tracer is introduced as a step function at input and its concentration within the estuary, c t ( ;x, a ), is determined from Equation 1 as a function of distance and time since its addition, then M( , x;x, a ) is given by: and the total mass of material originating from between x and x+ x is given by: where c t ( ;x,`) is the steady-state concentration of the tracer. From these definitions, it can be shown (Zimmerman, 1976 ) that the average age of material between x and x+ x originating from is given by:
In the limit x<0, then:
Hence, K a ( ;x)L at any location in the estuary can be calculated by following the concentration of the tracer at x with time.
Average residence time. Unlike the average age, the average residence time only depends on location in the estuary, not on the location of the source (Zimmerman, 1976) . However, at times it is useful to examine the residence time of material within a specified subsection of the estuary; for instance, the average time is takes for an element originating in the upper estuary to leave the upper estuary (instead of the whole estuary). Consequently, we defined M( ,x lb ,x ub ; r ) as the mass of material in a subsection of the estuary between x lb and x ub that originated at (x lb c cx ub ) and has a residence time less than or equal to r . If a tracer is uniformly distributed at within the estuary at r zero, then M( , x lb ,x ub ; r ) is given by:
c t ( ;x, r ) is the concentration of the tracer, and the quantity M 0 ( ) is the total mass of tracer initially released. From these definitions, it can be shown (Zimmerman, 1976) that the average residence time of material originating at between x lb and x ub , K r ( ,x lb ,x ub )L, is given by:
Although can be a point release (i.e. a Dirac delta function at x), this is difficult to implement numerically, so simulations were run in which the tracer was uniformly distributed over a broad area, such as the upper estuary.
Average transit time. The average transit time of an element originating from source , K t ( )L, is the same as the turnover or flushing time (Zimmerman, 1976; Bolin & Rodhe, 1973) of this material. Consequently, if a tracer is added as a step function at and allowed to attain a steady-state distribution in the estuary, c t ( ;x,`), then K t ( )L is given by:
where F( ) is the mass flux of tracer into the subregion R of the estuary. For fresh water, F( ) is given by & i q( ;x i )c t ( ) where c t ( ) is the concentration of the tracer in the input and q( ;x i ) is the discharge rate of source i. Calculating K t ( )L for saltwater inputs is problematic, since the flux of sea water into the estuary, F( ), depends on D(x R )A(x R )/,, where , is an ambiguous length scale appropriate for dispersion at the mouth of the estuary (x R ). Consequently, K t ( )L for seawater, or other oceanic materials transported by dispersion, is subject to interpretation if the transport flux is not directly measured (Park & James, 1989) .
Characteristic mixing-time scales were calculated for the four estuarine subsections illustrated in Figure 1 , as well as the whole estuary. The simulations used to generate tracer data were run on a 100 node grid with fixed freshwater discharge rates (q PR ) of 0·01, 0·1, 1·0 or 10·0 m 3 s
1
. Third-degree interpolating polynomials were fit to the discrete numerical tracer data to facilitate numerical quadrature.
Results and discussion

Estimation of dispersion
From salinity. Typical salinity profiles at extreme low (0·008 m 3 s 1 ) and high (5·89 m 3 s 1 ) Parker River discharges, along with sigmoidal fits to the data from Equation 7, illustrate the strong influence of river discharge on salinity profiles [ Figure 3(a) ]. From these data, as well as data collected between 28 April 1992 and 12 April 1995, the dispersion coefficient as a function of distance was estimated from Equation 6 assuming steady state salinity distributions [ Figure 3(b) ]. The estimated dispersion coefficient has a strong hyperbolic relationship with distance, as has been observed or used by others (Hetling & O'Connell, 1966; Officer, 1978; Ridd et al., 1990; Vörö smarty & Loder, 1994) . The range of values at any given location indicates that D(x,t) may be a function of discharge, which has also been observed (Officer, 1978) . However, because freshwater discharge varies over several orders of magnitude during the course of a year (Figure 2) , it is possible that the variability in D(x,t) at x could be due to inappropriate application of the steady-state assumption (Equation 6) for some salinity distributions (Ward & Fischer, 1971) .
To investigate characteristic response times for salinity subject to changes in freshwater discharge, a simulation was run in which the Parker River discharge, q PR (t), was held at 1·0 m 3 s 1 until steady state was obtained, then stepped down to 0·01 m 3 s is best applied in those areas of the estuary where dc s (x)/dx is significantly different from zero. However, a significant salinity gradient in the upper Parker only occurs at low freshwater discharge, when the applicability of the steady-state assumption is most dubious.
From dye studies. In order to obtain a better estimate for the dispersion coefficient in the upper Parker River, two dye release studies were conducted under extreme low [ Figure 5 distribution. This analysis also provided an estimate for the dye decomposition coefficient, k d , at each tidal cycle. Although the least-squares estimate of the dispersion coefficient for a particular tidal cycle is independent of the observations made at the other tidal cycles, both experiments produced consistent estimates of D(x,t) over time ( Figure 3 (b)], and implies that the steady-state assumption (Equation 6) may be inappropriate for some salinity distributions (i.e. those measured during low or rapidly changing discharge). Figure 5 ) (numerical fits not illustrated in figure) .
included in the general model for D(x,t), Equation 19
, the exponent, n, returned by the minimization routine was effectively zero, so as to render the dependency insignificant (same is true for D MO ). Consequently, it appears that the variability in D(x,t) that was directly estimated from salinity profiles is due to the inappropriate application of the steady-state assumption rather than true dependence on flow rate [ Figure  3(b) ]. Without the information provided by the dye studies, a different conclusion might have been reached. If the parameter estimation routine is run without the constraints imposed by the dye study, then Equation 19 retains its dependence on flow-rate (n]0·22), but the model fit to the transient salinity data is not improved (data not shown). It is perhaps not surprising that the dispersion coefficient is not dependent on freshwater discharge, as it is likely that tidal dispersion is governed by tidal shear generated from Stokes' drift and compensation flow that are not strongly dependent on freshwater input (Feng et al., 1986b; Dortch et al., 1992) . The functionality determined for the dispersion coefficient, Equation 20, produces reasonable agreement between model predictions and observed salinity ( . However, they assumed, based on data from other estuaries, that dispersion is dependent on freshwater discharge, which does not appear to be warranted for the Parker River estuary. With an accurate estimation of dispersion, the model can be reliably used to investigate characteristic mixing-time scales.
Characteristic time scales for transport
Average age. Average ages of freshwater and saltwater parcels, K a ( , x;x)L, in the four subsections and whole estuary (Figure 1 ), were calculated under four different freshwater discharge regimes from Equations 12-14 (Table 4) . For these calculations, a tracer was added to either all freshwater inputs or to seawater. An example simulation for tracer added at unit concentration (1 mass m 3 ) to all freshwater inputs under average discharge (1 m 3 s 1 ) is illustrated in Figure 7 (a). The tracer concentration is initially zero, but builds to a steady-state distribution over time [Figure 7(a) ]. Although all lateral inputs are labeled with tracer, only Cart Creek (q 1 at 4·2 km) and Mill River (q 2 at 9·3 km) introduce observable perturbations in the tracer distributions [ Figure 7(a) ]. From this data, the total mass of the tracer at time t in a defined section of the estuary (say the upper Parker) is calculated from Equation 12, which is then used to construct an age distribution (AD) function [Figure 7(b) ]. The integration of the AD function (i.e. Equation 14) provides the average age of material in the upper Parker River that originated from all freshwater inputs (for this example).
Average ages of fresh water are highly dependent on discharge, with the greatest dependency occurring in the upper Parker where the average age of fresh water can vary from about one month (for q PR =0·01 m 3 s 1 ) to less than a day (for q PR = 10·0 m 3 s 1 ) ( Table 4 ). The average freshwater age also exhibits a spatial maximum for a given discharge, with the mid section having the longest average age under low flows (Table 4 , underlined entries). The maximum progresses towards the sound as flow-rate increases. On the contrary, the average age of salt water depends more on location than on discharge, which is largely due to the single location of saltwater input. For instance, the average age of salt water in the sound is approximately 1 day, independent of discharge (Table 4 , lower half ).
Average residence time. Average residence times, K r ( ,x lb ,x ub )L, of a water parcel originating at within the whole estuary (x L cxcx R ) or estuarine subsection (x lb cxcx ub ) were calculated from Equations 16 and 17 for four different discharge rates (Table 5) . For these calculations, a particular section of the estuary was uniformly labeled with a tracer ( ), and its concentration within an estuarine section (x lb cxcx ub ) was followed over time. An example simulation is illustrated in Figure 7 The average residence times of water in a subsection, remaining in that subsection, display strong dependence on discharge (Table 5 , upper half ), similar to the average ages calculated above. Average residence times also exhibit a maximum for a given discharge (Table 5, Distance from dam (km) terms for all flows. Consequently, under low flowrate, the upper Parker has the longest residence time, but as discharge increases the upper Parker is flushed quickly which results in a shorter average residence time than the mid Parker. Not surprisingly, average residence times of water originating in an estuarine subsection within the whole estuary (Table 5 , lower half ) are longer than the average residence times within that subsection (Table 5, upper half ) . Similar values between average ages of saltwater (Table 4 , lower half ) and average residence times in the whole estuary (Table 5 , lower half ) indicate that the input of salt water to the estuary is much greater than freshwater input, even under high runoff. As stated before, average age equals average residence time when inputs to the estuary are not distinguished (i.e. fresh water and salt water treated as a single input). If saltwater input is much greater than freshwater input, then the average age of a saltwater parcel will approach the average age of an ' unlabeled ' water parcel and, hence, the average residence time of the water parcel. The equality will be exactly satisfied as freshwater input goes to zero, or saltwater input goes to infinity.
Average transit time. Average transit times, K t ( )L, (also called turnover or flushing times) were calculated for each of the seven freshwater inputs, as well as the saltwater input, from Equation 18 (Table 6 ). These data represent the average time it takes for a water parcel originating from a specified input to exit the estuary entirely. For these calculations, a tracer at unit concentration was added to an input, and its steadystate distribution was determined. An example simulation for the Mill River input at average discharge is illustrated in Figure 7 Figure  7 (e,f )] are not used in the calculations; they only serve to indicate when steady state has been achieved.
The average transit times for the seven freshwater inputs under different discharge rates show considerable variation (Table 6 ). Inputs feeding the upper sections of the estuary exhibit significant dependence on discharge, while those closer to the mouth of the estuary are almost independent of discharge. Material entering the estuary via the Parker dam (q 0 ) can take on average as long as 55 days to leave the estuary, while Ipswich River water (q 6 ) exits the estuary almost immediately (Table 6) (f ) and (h) were obtained from Rines et al. (1994) . River input is almost seven times greater than the Parker dam discharge (Table 1) , its impact on the estuary is much smaller because it is quickly diluted with offshore water. A note of caution is added here, however. Although our surveys indicate that the Plum Island Sound estuary is fairly well mixed, there exists significant hydrodynamic structure due to estuarine residual circulation (Feng et al., 1986b) , such as Stokes' drift and compensation flow as previously discussed. Consequently, it is possible that a nonnegligible amount of Ipswich River water could be advected to the upper reaches of the Sound before complete lateral mixing occurred, which would result in longer times and larger spatial scales of transport than estimated here. Investigation of such phenomena requires explicit hydrodynamic models and more extensive surveys (Dortch et al., 1992; Signell & Butman, 1992 ) , but this is beyond the intent of this initial analysis of the Plum Island Sound estuary. Average transit time for saltwater input is a more dubious calculation. Although the mass of tracer in the estuary associated with saltwater input can be easily determined (integral part of Equation 18), the mass flux, F( ), due to dispersive and advective transport is difficult to estimate (Zimmerman, 1988) . One way to estimate F( ) is to assume that each flood tide is completely mixed with the estuarine water (Zimmerman, 1988) , which would imply F( ) equals 2V tp per day, where V tp is the average tidal prism volume (32 Mm 3 ). This gives an average transit time of approximate 0·5 days ( ,`) , since the advective transport of tracer out of the estuary must equal the net dispersive transport of tracer into the estuary. Clearly this produces an upper bound on K t ( )L, since as freshwater input goes to zero, average transit time of salt water goes to infinity. Nevertheless, these upper bounds on K t ( )L for salt water are also given in Table 6 .
Average transit times (flushing times) were calculated for various subsections of the Plum Island Sound estuary as part of the MiniBays study (Rines et al., 1994) . Average transit times of fresh water in that study were calculated using a box model approach, coupled to salinity measurements and freshwater inputs. Although a direct comparison between results can not be made due to differences in compartmentalization inherent in the box model approach, they obtained average transit times on the order of a few days for the combined Parker River-Plum Island Sound system, which are similar to our results for all freshwater inputs (Table 6) .
Ecological importance
The three characteristic mixing-time scales calculated above have different applicability to ecological processes that occur in the estuary. Some of the questions of interest include the extrapolation of results obtained from in vitro incubations to in situ processing in the estuary, the likelihood of an estuarine subsection to support a phytoplankton bloom, the fate of pollutants, and the fraction of material transported into the estuary from freshwater and saltwater sources that is processed within the estuary. The relevance between these processes and the three time scales are discussed below.
Average age of a water parcel is useful when considering decomposition processes. Consider, for example, organic matter derived from terrestrial inputs (i.e. associated with freshwater inputs). If a water sample was taken at a particular location within the estuary, its age since entering the estuary would depend on discharge (and location). Organic matter sampled in the upper Parker during high discharge would be relatively fresh (less than one day, see Table 4 ). An in vitro incubation of this water would likely indicate a significant fraction of easily utilized material. On the contrary, under extreme low flow conditions that often exist in the summer months (Figure 2) , organic matter derived from freshwater inputs would be approximately one month old throughout the estuary (Table 4) , so a similar incubation would likely indicate fairly refractory material.
Average residence times were calculated for both the whole estuary and subsections because both are ecologically important (Table 5 ). Average residence time within a subsection is an important time scale for growth of plankton within that subsection because if the plankton's doubling time is longer than the residence time of the section, then the plankton will most likely be washed out of the estuarine section. For instance, under high flow rate (10 m 3 s 1 ) plankton in the upper Parker would have an average residence time of only 0·3 days within that section, but 5 days within the entire estuary (Table 5) . Consequently, assuming a specific growth rate of 2 days 1 for phytoplankton (Eppley, 1972) , we would not expect to find a bloom in the upper Parker under these conditions, but we might expect to find a bloom somewhere down stream since it takes 5 days on average for the water mass to leave the estuary entirely. Indeed, this is what has been observed in the Plum Island Sound estuary (Wright et al., 1987) . In Spring when discharge is high (Figure 2 ), phytoplankton blooms occur in the lower Parker River and Sound, but when discharge is low, as occurs in the summer months, the phytoplankton bloom is found in the upper and mid sections of the Parker River (Wright et al., 1987) . Average residence time of a water mass in the whole estuary is also an important time scale for flushing of pollutants. For these types of events, one is usually most interested in the time it will take to remove the pollutant from the estuary entirely, not just the subsection of the estuary where the pollutant was introduced. Hence, the appropriate spatial scale depends on the question(s) being asked. Complimentary to average age, average residence time is also important for incubation studies. If an incubation of a water sample indicates that a compound has a half-life of 10 days, but the residence time of the water parcel is 1 day, then most of the compound will be transported out of the estuary before a significant fraction has reacted.
Average transit time is useful in determining the fraction of material in a particular input that is likely to be processed within the estuary. It is useful for calculating overall budgets and the likely impacts of pollutants associated with an input. For example, under extreme low flow, material associated with the Parker dam input will take an average of 55 days to exit the estuary. Compounds with a lability less than 55 days are likely to be utilized within the estuary. On the contrary, the majority of material associated with the Ipswich River will be passed to the coastal shelf, since the average transit time of this water is only slightly greater than an hour (Table 6 ). Although average transit times (or flushing times) are often reported to indicate how quickly a system will be flushed, they can be misleading. Consider a bay which has a high mass exchange with the ocean. In this case, the average transit time will be short; however, it is likely that most of the material that is transported into the bay will be immediately transport out, leaving the material already in the bay relatively unaffected (e.g. the upper Parker River vs the sound). Consequently, a phytoplankton bloom in the bay supported by high nutrient concentrations in low freshwater runoff would not be readily washed out of the bay, even though the average transit time is short. Hence, distinguishing different time scales, geographical subsections and water inputs is necessary to adequately characterize an estuary.
Summary
We have demonstrated how salinity data, dye studies, and parameter estimation techniques can be used to obtain accurate estimates of dispersion as a function of distance in the Plum Island Sound estuary. Although the salinity data, in conjunction with the steady-state assumption, indicates that the dispersion coefficient may be a function of freshwater discharge, the dye release studies do not support this dependence on discharge. However, the two observations are not contradictory, because use of salinity data that is not at steady state will produce variability in the estimated dispersion coefficient that resembles flow dependence (Figure 4 ). Indeed, we were able to obtain good predictions for both the salinity profile ( Figure 6 ) and the dye dispersion ( Figure 5 ) without requiring flow dependence on the dispersion coefficient (Equation 20 ) if the steady state approximation was not invoked. The dye studies were especially useful in determining the value of the dispersion coefficient in the upper section of the estuary (Table 3) where salinity gradients significantly different from zero almost never occur under steady-state conditions due to the long relaxation time that is inherent under low flow conditions (Figure 4) .
With an accurate description of the dispersion coefficient (Equation 20), characteristic time scales involving average age (Table 4) , residence time (Table 5 ) and transit time (Table 6 ) for various inputs and locations within the Plum Island Sound estuary were calculated. Although there is often a tendency to calculate a single characteristic time scale for the entire estuary (such as the average transit time of the fresh water), it is clear that many time scales exist, and they are dependent on discharge and location within the estuary. Furthermore, the most appropriate time scale, average age, residence time or transit time, depends on the question(s) being addressed.
